Abstract The population dynamics of activated sludge in a pilot plant with two activated sludge systems, both designed for enhanced biological phosphorus removal (EBPR), but one of them with (BNP) and the other without (BP) nitrogen removal, was monitored during a period of 2.5 years. The influent water to the pilot plant was periodically manipulated by external addition of phosphorus (P), acetate and glucose, respectively. The population dynamics and the in situ physiology were monitored by quantitative fluorescence in situ hybridization (FISH) and microautoradiography. Significant P removal was observed in both systems throughout the whole period, with significant increases of the P removal when substrates were dosed. The activated sludge in both systems contained large amounts of dense clusters of gram-negative, methylene-blue staining coccoid rods during the whole period. A large part of the clusters belonged to the β Proteobacteria, whereas the rest of the clusters belonged either to the Actinobacteria or to the α Proteobacteria. The relative abundance of Rhodocyclus-related bacteria in the activated sludge varied significantly in both systems during the whole period (from 6 to 18% in BNP, and from 4 to 28% in BP). However, no statistically significant correlation of the Rhodocyclus-related nor any of the other investigated bacterial groups to the P content of the activated sludge (correlation for all groups investigated was always < 0.5) was observed. A significant 33 P i uptake was observed by the β Proteobacteria (part of them Rhodocyclus-related, the identity of the rest unknown) and the Actinobacteria. However, not all of the Rhodocyclus-related bacteria showed 33 P i uptake. The P removal in the investigated plants is thus believed to be mediated by a mixed population consisting of a part of the Rhodocyclus-related bacteria, the Actinobacteria and other, yet unidentified bacteria.
Introduction
The microbiology of EBPR offers presently one of the great challenges in activated sludge microbiology, since the identification, the population dynamics and the interactions of polyphosphate-accumulating organisms (PAOs) with other competing bacterial groups are still largely unresolved. After the demonstration that Acinetobacter is not responsible for EBPR (Wagner et al., 1994) , different suggestions for the identitity of the PAOs have been proposed, ranging from gram-positive Actinobacteria, different gram-negative representatives within the Proteobacteria (Mino, 2000; Liu et al., 2001) to even yeast spores (Melasniemi and Hernesmaa, 2000) . Recently, two independent molecular studies on the microbial community in laboratory sequencing batch reactors operated on synthetic acetate-based wastewater without nitrogen removal have identified Rhodocyclus-related bacteria within the β Proteobacteria as one candidate for the PAOs (Hesselmann et al., 1999; Crocetti et al., 2000) . However, the diversity and the dynamics of the activated sludge community in full-scale plants in comparison to strongly enriched microbial communities in laboratory reactors is most likely more complex, especially when EBPR processes with different kinds of influent water or process configurations are to be compared.
The aim of this study was to investigate the effect of influent water composition on the process performance and the population dynamics for a period of 2.5 years in a pilot plant consisting of two parallel EBPR activated sludge systems, receiving the same influent wastewater but being differently operated, with and without nitrogen removal, respectively. The influent water to the pilot plant was manipulated sequentially for prolonged periods by external dosing of different substrates (P, acetate and glucose, respectively). The population dynamics was followed quantitatively by FISH with a set of 16S and 23S rRNA-targeted oligonucleotide probes. The in situ physiology of probe-defined bacteria in activated sludge was studied by a combination of FISH with microautoradiography on activated sludge incubated with radioactive 33 P i , [ 3 H]acetate and D-[6-3 H]glucose, respectively. This paper presents some of the preliminary results of this study -further details about the process, analyses and the results are given in Henze et al. (2002) and Lee et al. (2002) .
Materials and methods

Operation of the pilot plant
The pilot plant is located at the Malmö Wastewater Treatment Plant (Sweden) and consists of a primary clarifier and two parallel EBPR activated sludge systems (each having 150 population equivalents), receiving the same influent wastewater but being differently operated. One of the EBPR activated sludge systems (the BP system) was operated as an A/O process adapted for P removal. The other EBPR activated sludge system (the BNP system) was designed for extended nitrogen removal by using the University of Cape Town configuration. The overall sludge retention time (SRT) was 4 days in the BP system, and 21 days in the BNP system. The flow rate to the pilot plant was kept constant at 1.8-2.2 m 3 /h.
Manipulation of the influent water to the pilot plant
The pilot plant was subjected to a 2.5 year study on the effect of the composition of the influent water on the process performance and the population dynamics by manipulation of the influent water during eight different experimental periods (I-VIII, summarized in Table 1 ). During period I the influent water to the pilot plant was not manipulated. After this, the influent water to the pilot plant was manipulated during seven consecutive, experimental periods (II-VIII) by external dosing of three different substrates (P, acetate and glucose, respectively) as shown in Table 1 .
Sampling and chemical analysis
Twenty-four-hour composite samples were collected five days a week from the primary effluent and the secondary effluent in the two EBPR activated sludge systems. The composite samples were analysed for the standard parameters chemical oxygen demand (COD) filtered/unfiltered (GF/A), total suspended solids (TSS), mixed liquor volatile suspended solids (MLVSS), total P filtered/unfiltered, N filtered/unfiltered, NH 4 -N filtered, NO 3 -N filtered, and Diluted Sludge Volume Index (DSVI). In addition, special parameters, such as volatile fatty acids, glucose, poly-betahydroxyalcanoic acids (PHA) and metals were analysed. Activated sludge samples for FISH and incubation with radioactive substrates were taken from the last aerobic reactor in the two EBPR activated sludge systems at the pilot plant.
Histochemical staining for light microscopy Activated sludge samples were investigated by light microscopy and staining procedures (for PHB and polyphosphate) for general activated sludge characteristics and filament composition according to the criteria described in Jenkins et al. (1993) . PLA46a] . Based on the results from the initial qualitative analysis, ten of these probes (ALF1b, BET42a, BONE, BTWO, GAM42a, HGC69a, LGCa-c, PAO651, CF319a, PLA46a) were selected for quantification of samples from 11 time points throughout the 2.5-year experimental period.
In situ physiological studies of activated sludge by microautoradiography Activated sludge from the BNP and the BP system from different time points (within period II, IV, VI and VII) was incubated with three different radioactive substrates ( 33 P i , [ 3 H]acetate and D-[6-3 H]glucose, respectively). The in situ physiology of microorganisms within the activated sludge was then studied after appropriate post-treatment by a combination of FISH with microautoradiography, as described in Lee et al. (1999) .
Microscopy and quantification of single fluorescence in activated sludge samples
A LSM 510 scanning confocal microscope (Carl Zeiss, Oberkochen, Germany) equipped with an UV laser (351 and 364 nm), an Ar-ion laser (450 to 514 nm), and two HeNe lasers (543 and 633 nm) was used to record optical sections. Image processing was performed with the standard software package delivered with the instrument (version 2.6). All samples were mounted with Citifluor (Citifluor Ltd., Canterbury, UK) prior to microscropy. The ratio of cells labelled with EUB338I-III (= bacteria detectable by FISH) versus the cells stained by the DNA-binding dye SYBR green I (= total cells) was determined by semiautomatic image analyses as described in Schmid et al. (2000) . For quantification of the abundance of activated sludge bacteria specifically stained by different group-and genusspecific probes, Cy3-or Cy5-labeled probes were used together with the equimolar mixture of the FLUOS-PRIME labeled bacterial EUB338I-III probe set for simultaneous hybridization, following the procedures in Daims et al. (2001) . For each probe 20 different microscopic fields completely covered with activated sludge material (magnification 400×) were analyzed and the relative cell-area of the specifically labelled population was determined by image analyses. Subsequently, the relative cell area of the different microbial populations were normalized by taking into account the differences in biomass (measured as MLVSS) in the different samples of a single reactor. The FISH cell area percentages for the sample with the highest biomass per reactor volume were kept unchanged and the FISH percentages of the other samples were reduced according to the biomass differences.
Results
Process performance of the EBPR systems during the different experimental periods A significant P removal of around 2.3 P mg/l was observed in the two activated sludge systems (BNP and BP, respectively) before the dosage of the different substrates, corresponding to a nearly complete P removal (period I, Table 1 ). Following addition of different substrates to the influent water (as summarized in Tab. 1), the P removal was significantly affected in both systems in different ways. In general, it showed increased levels during all periods of substrate dosage. A corresponding increase of the PHA production in the anaerobic reactor was also observed in the two systems. The BP system was more prone to larger fluctuations in P removal than the BNP system due to loss of biomass under non-steady state conditions as a consequence of the shorter sludge retention time. The sludge properties in both systems varied significantly (Table 1) , often in correlation with seasonal variations (with generally higher DSVI values during the winter seasons in comparison to the summer seasons) and with the manipulations of the influent water. The largest increase of DSVI was observed in period IV in the BP system when 200 mg/l acetate was added to the influent water. When a lower (100 mg/l) acetate concentration was added to the influent water (in periods V and in VIII), no significant increase of DSVI was observed. No similar significant effects due to dosage of the different substrates on the DSVI was observed in BNP.
Traditional light microscopy of activated sludge characteristics
The activated sludge in both systems contained approximately three to five morphotypes of homogenous, large clusters of hundreds of gram-negative (with a yellow reflection), methylene blue-staining rods throughout all experimental periods. The amount and size of these clusters was generally higher in the BP system in comparison to the BNP system. Only a low amount of gram-negative/gram-positive, PHB-and Neisser-positive, tetrad-arranged cocci (the so called "G bacteria", Seviour et al., 2000) in packets of four or eight cells was occasionally observed in both systems throughout all experimental periods, even in period VII when glucose was added to the influent water. This is in contrast to some studies which have observed increased amounts of "G bacteria" and subsequent disrupture of the EBPR in presence of glucose (for a review, see Mino et al., 1998) . Single sheets of coccoid bacteria (gram-negative, Neisser-and PHB-positive), resembling Lampropedia sp. (Stante et al., 1997) , were only sporadically observed in the BP system. The main, morphologically Jenkins et al. (1993) of the filamentous bacteria, especially in the BP system, was observed.
In situ characterization of the microbial population structure and the PAOs in the two EBPR systems by FISH
The population composition in the activated sludge in the two systems was studied by means of FISH on a monthly basis throughout the 2.5-year experimental period. In both systems the majority of the cells were detectable by FISH (90% in the BP system, 87% in the BNP system). Furthermore, in both systems, the amount of some of the microbial groups investigated (Eukarya, Archaea, Verrucomicrobia and the genera Acinetobacter sp., Microlunatus sp., Paracoccus sp. and the novel γ-bacteria detected by probes GAM1019 and GAM1278) was consistently found to make up less than 1% of the total bacterial cell volume on all investigated samples. Ten of the oligonucleotides used were found to target more than 1% of the total bacterial population in both systems and were thus selected for quantification in each EBPR system on 11 selected time points throughout the experimental period (Figure 1a-b) . The numerically largest bacterial groups were the Proteobacteria (α-, β-, and the γ-subclasses) and the gram-positive bacteria with a high and a low DNA G+C content, respectively. The amount of Cytophaga and Planctomycetes was low (generally between 1-5% of the total bacterial cell area) and none of these formed large clusters, consisting of > 100 cells. Large, homogenous, grape-fruit-like cluster-forming (10-100 µm) bacteria were mainly observed within the β Proteobacteria. Between 34 and 55% of the β Proteobacteria in the BNP system and nearly all cells of the β Proteobacteria in the BP system were comprised of Rhodocyclus-related bacteria targetted by the oligonucleotide probe PAO651 (Figure 1a-b) . Smaller (5-20 µm), rounded clusters were mainly observed within the α Proteobacteria, whereas smaller (5-20 µm), somewhat more irregular clusters were observed within the Actinobacteria with a high DNA G+C content.
Dynamics in community composition in the two EBPR systems during the different experimental periods Surprisingly, the community composition in the two EBPR systems was relatively stable throughout the 11 investigated samples (Figure 1a-b) . The relatively largest changes were observed during periods of carbon dosage (periods IV, V, VII, VIII) when the amount of α-, β, and the γ-subclasses within the Proteobacteria increased, albeit without a clearly recognizable pattern throughout the different dosage periods. The most significant change was observed within the γ Proteobacteria during period IV when a high amount of acetate was dosed. However, this increase is mainly attributed to non-clustering bacteria such as sulphur-oxidizing filamentous bacteria (Thiothrix and Type 021N) in the BP system, and single-cells of unknown genera (not Acinetobacter, since the amount of Acinetobacter was consistently around 1% in both systems throughout the whole period) in the BNP system. When the relative abundance of the individual probe-defined bacterial groups was plotted against the P content in sludge, only low correlations were found (between 0-0.5, Table 2 ), the highest being attributed to ALF1b, BET42a, PAO651, HGC69a and LGC354a-c in both systems. This suggests that the P removal cannot be attributed entirely to one of the investigated probe-defined microbial groups.
Investigation of the in situ physiology of activated sludge by incubation with radioactive substrates A significant uptake of all three radioactive substrates (around 5-15% of 33 P i , > 50% of [ 3 H]-acetate and >10% of [ 3 H]-glucose) under anaerobic-aerobic incubation conditions was observed for both sludges during the four different investigated periods. Uptake of 33 P i under anoxic-aerobic conditions was observed in the BNP system (3.3-17.1%) but not in the BP system. Microautoradiographic development of the activated sludge incubated with the different radioactive substrates showed strong, localized uptake of the respective substrates to several different parts of the activated sludge flocs, and to some extent to filaments (mainly with [ 3 H]-acetate and [ 3 H]-glucose). In terms of 33 P i uptake, two patterns were observed in both EBPR systems: i) diffuse uptake by nearly all cells, and ii) stronger uptake of specific clusters, mainly attributed to β Proteobacteria (partly identifiable as Rhodocyclus-related bacteria) and partly to the Actinobacteria. However, interestingly, a part of the Rhodocyclus-related bacteria did not show any 33 P i uptake, even if radioactive samples were exposed to the microautoradiographic film for up to 28 days.
Discussion and conclusions
The following conclusions were obtained from the results of this study.
• External dosage of P and acetate improved the EPBR, as has been stated in several previous studies (Mino et al., 1998) . However, dosage of glucose did not deteriorate but enhance the EPBR, which is in contradiction to certain previous studies showing deterioration of the EBPR due to glucose, often in correlation with increased amounts of "G-bacteria" (for a review, see Mino et al., 2000) .
• The most easily detectable microbiological difference between the two systems throughout the experimental periods was the amount and the composition of the filamentous bacteria. The general composition of the non-filamentous population, characterized by quantitative FISH using a set of oligonucleotide probes, was relatively similar and surprisingly stable with only sporadic changes within certain microbial groups in both systems. The numerically most important groups in both systems were found to be the α-, β-and γ-Proteobacteria as well as the Actinobacteria. Both systems contained large amounts of methylene-blue staining, gram-negative, cluster-forming coccoid rods, most of them identified as Rhodocyclus-related bacteria -the BP system in general containing larger aggregates than the BNP system. • No statistically significant correlation (> 0.9) between the amount of different numerically important bacterial groups and the P content in the sludge was found. The relatively highest correlations were detected for the Rhodocyclus-related bacteria (0.41) in the BNP system, and the Actinobacteria in the BP system (0.53). This indicates that that there are significant differences in terms of the importance of different bacterial groups to the EBPR in respective process and that, generally, no single bacterial group can be attributed to be responsible for the total EBPR in each system. • Uptake of radioactive 33 P i was mainly observed for parts of the β Proteobacteria and the Actinobacteria. Within the β Proteobacteria, a significant 33 P i uptake was detected for a fraction of the Rhodocyclus-related bacteria. The fact that not all of the Rhodocyclusrelated bacteria are actively contributing to P removal in this study might be explained by: i) differences in activity within a genetically identical population of Rhodocyclusrelated bacteria, or ii) the presence of closely related but genetically and physiologically different populations of Rhodocyclus-like bacteria which are nevertheless all targetted by the respective oligonucleotide probe.
